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This final scientific report gives an overview of the work completed

under Al-OSR Contract #F49620-78-C-100 dealing with the ultrasonic

non-destructive testing of composite materials. Briefly summarized are the

results obtained In the first two years of this project while the work

completed In the third and final year of the contract is described In more

detail. The project was originally scheduled as a two-year program from

August I, 1978 through July 31, 1980 . However, the original contract was

amended to continue funding for one more year through July 31, 1981. Later, a

no-cost extension to February 28, 1982 was granted.

The overall objective of this program has been to investigate

experimentally and theoretically the dispeision and attenuation of ultrasonic

waves in various composite materials. The research program was designed to

explore the Influence of microstructural and material property effects on the

propagation ot elastic waves through a composite material. Various

experimental techniques were also to be evaluated by which ultrasonic wave

dispersion effects could be measured to determine whether such measurements

could be utilized as a new ultrasonic NDT tool for the Inspection of

structures fabricated from composite materials. Answers to these questions

were to be obtained by carrying out the following six tasks:

1. Ultrasonic wave dispersion measurements were to be conducted in
several uni-directional and cross-plied laminates ot graphite-epoxy
specimens.

2. Continuous and pulsed ultrasonic wave measurements were to be carried
out on graphite-epoxy laminates. Investigation was to be made to
obtain a quantitative characterization of the dissipative behavior and
the separation of the attenuation of ultrasonic waves due to
dispersion and dissipation.

. /i 'LI ~
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3. The quantitative damping behavior of several laminates was to be
measured by phase spectra techniques.

4. Models were to be developed to make predictions of the dispersion and
dissipation behavior of laminates which were used In the experiments.
Comparison was to be made between the calculations and the
experimental results.

5. The use ot multiple scattering analyses was to be investigated to
determine the damping resulting from the presence of microstructural
features In laminates.

6. Measurments ot the dispersive and dissipative properties were to be
made on composite specimens to determine the effects of mechanical
loading and/or environmental exposure conditions.

2.0 PROJECT OVERVIEW

2.1 Work Summary

In work completed under a previous AFOSR contract, It was shown that the

dispersion relation, k(f), and the frequency-dependent phase and group

velocities ot ultrasonic waves can be determined with the method of uJ.rasonir

p spectros.DQ. Details of the technique have been published [1,2], so it

suffices to repeat here only the essentials of the technique. In the

technique, the frequency-dependent wavenumber, k(f), (or a material's

dispersion relation) Is found directly from determination of the Fourier phase

spectrum, P (f), of a broadband ultrasonic pulse which has propagated through

a specimen ot thickness, L . The dispersion relation is

k(f) = [0o - (f)]/L + 27fTs/L ()

In this equation, (f), Is the Initial phase constant and TS  Is a

time-delay constant, both constants are determined in a particular testing
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configuration. From the dispersion relation follow the phase velocity, c(f),

and the group velocity, v(f)

c(f) = 21Tf/k(f) (2)

v(f) = 2ir(3f/ak) (3)

The experimental work completed in the first two years has utilized this

methoa to make measurements on various composite material specimens. The work

completed in the first two years has been described In detail in two Interim

Reports, dated October 1979 and December 1980, respectively. It is only

briefly summarized here.

The research conducted In the first year included:

1. Ultrasonic dispersion measurements In uni-directional and cross-plied
laminates ot graphite/epoxy and boron/epoxy specimens were made.

2. The attenuation and dissipation of ultrasonic waves was measured in
composite materials.

3. An integral relation between the attenuation coefficient and the
dispersion relation (frequency-dependent phase velocity) was developed
for viscoelas, tfaves using the Kramers-Kronig relation.

4. The scattering of elastic and viscoelastic waves in a laminated
composite specimen was analyzed.

The results obtained In the first year showed that ultrasonic dispersion

measurements could be made In uni-directional as well as cross-plied laminate

specimens of graphite/epoxy. The wave propagation In the frequency range from

1 to 20 Mfz was found to be essentially non-dispersive, In a composite

specimen which exhibits dispersion (such as specific directions In specimens

of boron/epoxy), very slight changes In the dispersion became apparent with

" -L
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thermal treatments ot the specimen, but the connection between the ultrasonic

measurements and specific microstructural changes was not clear.

Various techniques for measuring the frequency dependence of ultrasonic

attenuation of ultrasonic longitudinal and shear wave modes were Implemented.

Attenuation measurements were completed In various specimens of graphite/epoxy

and boron/epoxy.

The theory of ultrasonic phase spectroscopy was extended with Hilbert

transforms to permit the determination of the dispersion-related attenuation

of ultrasonic waves in composite materials. A computer algorithm for

performing such determinations was developed and it was tested with

theoretical waveforms expected for a model viscoelastic material (Voigt

sol id).

A statistical multiple scattering theory was developed to analyze the

propagation ot waves normal to a layered structure consisting of elastic and

viscoelastic materials which modelled a laminated composite material. The

results showed that "stop bands" existed and that It was possible, in

principle, to delineate between the scattering losses and the viscoelastic

losses in -4ch a materia! by noting the behavior of the frequency-dependence

of the attenuation outside of the stop band.

In the second year the additional research was conducted on the following

topics:

1. Ultrasonic dispersion and attenuation measurements were completed on
specimens ot unreinforced epoxy resin and cross-plied graphite/epoxy.
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2. Two new ultrasonic techniques were developed and implemented for
making ultrasonic attenuation measurements in composite specimens.

3. A critical comparison was begun of the various techniques for
measuring the frequency-dependent attenuation in composite material
specimens.

4. Experiments to determine the detectabil ity of deformation-induced
microstructural changes in cross-plied graphite/epoxy specimens with
ultrasonic dispersion and attenution measurements were started.

5. The mathematical foundation of the Kramers-Kronig relation and its use
for processing ultrasonic dispersion data was Investigated.

Thus, In the second year of this project additional wave dispersion and

frequency-dependent ultrasonic attenuation measurements were completed In

specimens ot graphite/epoxy. There was general agreement between these new

measurements and those made previously. For quantitative comparisons between

the measurements, least-square-fit algorithms were implemented into the

ultrasonic signal processing system which permitted fitting polynomial phase

velocity and attenuation functions to the measured data points. Reproducible

measurements in graphite/epoxy specimens were obtained with one technique.

In addition, two new frequency-dependent attenuation measurement

techniques were implemented for measurements with composite material

specimens. One is a modified, swept-frequency, continuous-wave technique in

wnich the resonance peaks of a specimen are analyzed at various amplitude

levels. The other technique utilizes the Kramers-Kronig relation to find the

material attenuation from measurements of the wave dispersion. or vice versa

with only a single echo requirement. A firm basis for the technique was

developed and measurements with graphite/epoxy specimens were undertaken. The

agreement between the various techniques was investigated. It was found that

the attenuation determined via the Hilbert-transform technique differs
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significantly from that determined by all the other teclriques.

In the third year, additional ultrasonic wave dispersion and attenuation

measurements were completed. Specifically, the folowing work was completed:

1. Uitrasonic measurements of several multi-layer laminates which were
fabricated ot elastic, viscoelastic or elastic layers in various
configurations were completed.

2. Additional ultrasonic measurements were completed in 32-ply specimens
of O/90°cross-plTed laminated graphite/epoxy (AS3501-5) which were
subjected to mechanical loadings or repeated thermal treatments.

2.2 Participating Personnel

The research personnel who were supported during the first two years have

been listed In the two earlIer Interim Reports. During the last elghteen

months ot this contract, the following research personnel were supported:

1. Principal Investigatar: W. Sachse (I month)

2. Co-Principal Investigatar: Y.H. Pao (1.5 months)

and the following research associates and assistants:

Post-doctoral associates -

3. R. Weaver (5 months)

4. F. Santosa (6 months)

Graduate student assistants--

5. P. Chen (7.5 months)

6. D. Koshonl (2.5 months)

7. P. Hsieh (2.5 months)

8. K. Ko (2 months)

9. T. Wu (5 months)
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In addition, a temporary part-time research aide and a work-study student

assissted in this research.

3.0 SUMMARY OF IMPLEMIENTED EXPERI MENTAL TECHNIQUES

As proposed in the original proposal and as described in the two Interim

reports ot this project, various ultrasonic techniques were applied to measure

the frequency-dependent ultrasonic attenuation in various composite specimens.

The techniques which were used included:

I. Conti nuous-wave, swept-frequency technique

2. Radio-frequency (r.f.) burst technique

3. Broadband pulse analysis technique

4. Retlection coefficient method

5. Hilbert-transform technique

The first four of the aforementioned techniques are conventional

ultrasonic techniques which have been used In various forms by other

I nvesti gators. In the course of this work, the continuous-wave,

swept-frequency technique (#1 above) was modified to enable It to be used to

make measurements in highly absorbent and thick specimens, or In cases in

which the specimen resonance peaks cannot be clearly resolved. As mentioned

in Section 2, the Hllbert-transform technique (#5 above) was also developed

and Implemented In the course of the work carried out under this project.

Since reference to the above techniques will be made later, each of them is

briefly summarized here.
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(1i Continuous-wave Resonance Technique - In this technique, continuous

harmonic waves which are slowly varying in frequency, are launched into a

specimen, with the transmitted signals detected with either the same or

another transducer attached to the specimen. The resonance frequencies of the

specimen are recorded and the damping determined from the half-power points on

the resonance peak. As Indicated In Section 2, In the second year of this

contract, an important modification was developed which permitted the

measurements to be made on resonance peaks on which the half-power po -ts are

not clearly Identifiable. In this modification, a formula was derv which

utilizes the resonance peak width measured at any power level to deter 'e the

damping characteristics of the specimen.

(2) R, Burst Metho - In this technique, radio-frequency bursts of various

center frequencies are transmitted through a specimen. Measurement of the

logarithmic decay of at least two echoes, Vl(t) and V 2(t), gives the

ultrasonic attenuation of the material at the center frequency, fo, of the

r.f. measurement burst, that Is

20L loq V1 (t) (4)

V2 .

(3) Broadbndhul Mgthod - This method is a variation of the above,

with broadband pulses, being used to make the measurements. Any two broadband

echoes, Vl(t) and V2 (t), are Fourier-transformed into the frequency domain

giving V i(f) and V2 (f) from which the attenuation can be determined as a

function of frequency according to

20/L loq Y] (f'. (5)

v-2 (f
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(4) Reflection Coefficient Method - In this technique, a broadband pulse is

reflected from an Interface between a non-dispersive buffer rod and a

composiTe material specimen. From analysis of specific echoes, the

frequency-dependent Interface reflection coefficient and attenuation

coefficient Is found for the specimen. Unfortunately, this technique appears

to be very sensitive to the nature of the buffer-specimen interface.

(5) Hulbert-transform Technique - The Kramers-KronIg relations state that for

electromagnetic waves propagating through a dielectric, the attenuation

coefficient Is related to the phase velocity of the wave by an Integral

involving the latter over all frequencies, and vice versa, thus corresponding

to the Hilbert transform relationship between phase veloci+y and attenuation.

Under this contract, a similar relation was developed for ultrasonic waves

propagating through a viscoelastic or a composite material. The processing of

only one echo yields the attenuation in this approach.

4.0 SUMMARY OF WORK COMPLETED IN THE LAST YEAR

In the last year of this contract, a critical comparison between the

results obtained using various dispersion and attenuation measurement

techniques was completed. As In our earlier work, oure epoxy specimens as

well as graphite/epoxy specimens were measured. All measurements were

repeated several times to clearly establish the variation between the

measurements made on one specimen at either one location or at several

locations In one specimen and the results obtained between the various

measurement techniques.
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In the following, the mean of the measured phase velocity or attenuation

Is plotted together with either the standard deviation curves or the

diffraction-corrected curve in the frequency range from 0 to 10 lz. For the

velocity measurements, It was found that the coefficients of variation,

ac  , vary by no more than one percent, and for attenuation measurements,

the coefficients of variation, c , are within five percent. This
a

Indicates the reproducibility with which each set of measurements can be made.

In the following, the results of measurements conducted on pure epoxy

specimens, glass-laminated specimens, and 32-ply graphite/epoxy specimens will

be described in detail.

4.1 Pure Epoxy Specimens

The results of ultrasonic measurements made on specimens of pure epoxy

whose thickness was 0.5 cm to determine their frequency-dependent phase

velocity and attenuation Is described in this section.

(a) Phase velocity - An example of an Input signal and the signal transmitted

through the specimen are shown In Figures 1(a) and (b) respectively. The

dispersion and phase velocity curves obtained via Eqs. 1 and 2 are shown in

Figures 1(c) and (d), respectively. The measured phase velocity Is generally

higher than It should be at lower frequencies because of wave diffraction

effects. Therefore, these were removed using the diffraction correction data

of Benson, et ai [3J.
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Figure 1. (c) dispersion relation, and (d) phase velocity and Its
standard deviation.
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The dotted line In the phase velocity figure Is the diffraction-corrected

phase velocity. The standard deviation of phase velocity relative to the mean

of each measuring set is shown In Figure 1(d). The phase velocity shows

little dispersion for pure epoxy specimens In the frequency range from 0 to

10 l4Wz.

(b) Attenuation - A picture of narrow-band r.f. burst echoes propagating in a

pure epoxy specimens is shown In Figure 2. The attenuation derived from these

signals via Eq. 5 Is also shown in Figure 2. In the figure, the solid line is

the least-square fitted parabolic curve while the dashed line is the

diffractlon-corrected curve. The effect of the diffraction Is to give a

higher apparent attenuation.

The echoes obtained In a one-transducer, pulse/echo test with a half-inch

diameter broadband transducer and the Fourier amplitude spectra are shown in

Figures 3(a)-(c). The attenuation curve with its standard deviation curves

are shown In Figure 3(d). The diffraction-corrected curve is shown In

Figure 3(e). The results obtained In a pitch-catch or through-transmission

measurement with quarter-inch diameter transducers are shown In Figure 4(a).

Also shown In Figures 4 (a)-(c) are the respective Fourier amplitude spectra.

The attenuation curve and Its standard deviation curves are shown In

Figure 4(d). Figure 4(e) shows the attenuation curve and the

diffraction-corrected curve.

Application of the buffer rod method (using a 1/4 Inch (0.635 cm)

diameter transducer) yields the echos denoted as A, B, and C, and their

Fourier amplitude spectra as shown in Figures 5(a)-Cd). The reflection
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Figure 2. The r.f. burst signals with center frequency at 2.5 44z.
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Figure 3- 1-transducer (1/2 Inch diameter) signals of pure epoxy
specimen for attenuation measurement: (a) echo 1.

(b) echo 2, (c) Fourier pI Itude spectra of echo I and 2.
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Figure 4i. Through transmission signals of Pure epoxy specimen fcr
attenuation measuremlent: (a) echo 1, (b) echo 2.
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Figure 5. Buffer-rod-specimen signals of pure epoxy specimen for
attenuation measurement: (a) echo A.
(b) echo B, (c) echo C.
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coefficient curve and its standard deviation curves are plotted in

Figure 5(e). The reflection coefficient with and without diffraction

correction are shown in Figure 5(f). This shows that the reflection

coefficient is nearly unaffected by wave diffraction effects. The attenuation

curve and its standard deviation curves are shown in Figure 5(g). The

attenuation with and without diffraction corrections are shown in Figure 5(h).

An example of the results obtained with the contlnuous-wave,

swept-frequency method is shown in Figures 6(a)-(e). The excitation signal,

the received signal after propagating through the specimen and the deconvolved

power resonance curve, effectively removing the effects of the transducer ad

electronics, are shown in Figures 6(a)-(c). The attenuation and its standard

deviation curves are shown In Figure 6(d). The standard deviation Is much

higher than that ot the data taken by the broadband pulse/echo method. The

attenuation and its diffraction correcled curve are in Figure 6(e).

The results obtained by each of the methods above show that the

attenuation in un-reinforced epoxy specimens, increases with frequency. The

diffraction-corrected, frequency-dependent attenuation obtained with each

methoa is shown In Figure 7. These results show that the lowest attenuation

is obtained with the buffer rod method. This result is in agreement with the

work of Papadakis [4], and it appears to be the result of minimizing and

accounting for transducer coupling losses. The attenuation measured with the

continuous-wave technique is the highest. It is suspected that this results

from the excitation of adjacent resonance peaks and, unfortunately, this

effect Is difficult to remove from the resonance data. The deviations between

the results obtained via various attenuation measurement techniques increase
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figure 6. Continuous weave signals of pure epaxy specimen for
atenuation measurement: (a) excitation signal.
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1. Continuous Wave ATT.
2. I-Transducer ATT.
3. 2-Transducer ATT.
4. r.f. Burst ATT.
5. Buffer-rod-specimen ATT.

CL.

C3 2.53

35

IV, 2.6 5.1 1.6 1.

FREOUEN.CT (MHz)

Figure T. Overplotting of attenuation curves obtained from different
ways. (pure epoxy specimen).
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with increasing frequency. The reason for this was not established.

The attenuation obtained by the Hilbert-transformed dispersion data, with

and without diffraction corrections, is shown In Figure 8. These results are

typical and they show that the inclusion of diffraction corrections results in

an even higher computed attenuation. At lower frequencies, the diffraction

correction decreases the measured phase velocity values and the curvature of

the diffraction-corrected phase velocity consequently increases. This results

In a greater dispersion and this contributes, In turn, to a higher-valued

attenuation curve.

4.2 Glass Laminated Specimens

The propagation of ultrasonic waves through multi-layer laminates

fabricated of layers of glass and epoxy was Investigated with the

continuous-wave, swept-frequency technique. Microscope cover slides 1.2 mm

thick were used to fabricate the laminates. The wavespeed of longitudinal

waves In these pieces were measured to be 0.57 cm/psec. From a wavelength

analysis, It Is found that the frequency interval A f between "stop bands"

should equal Af=c/2L or approximately 2.4 M4lz for an infinite periodic

structure fabricated of glass plates. The transmission coefficient Is taken

to be the amplltude ratio of signal transmitted through the laminate specimen

and the Input signal. The latter is obtained by putting source and receiving

transducers In Intimate contact. The logarithm of the transmission

coefficients for specimens consisting of 1, 4, 6, 8 and 10 layers, measured in

the frequency range from 0 to 10 M4z Is shown in Figure 9. These curves

demonstrate that the stop bands remain constant in number, but deepen as
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Figure 8.Hilbert transformed attenuation with and without
diffraction correction.
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(a)
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Figure 9. Stop band phenainenon ot glass Iljnnated specimen:
(a) 1-glass layer specimen, (b) 4-glass layers specimen.
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Figure 9. (c) 6-glass lavers specimen, (d) 8-glass layers specimen.
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Figure 9 (e) JO-glass layers specimen.
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layers are added, producing frequency bands having increasingly high acoustic

attenuation. The shallow, tightly spaced minima seen in these figures

correspond to roughly the thickness resonance of the entire specimen. The

numerical and experimental results obtained by Scott [5] are very similar to

these experimental results.

4.3 32-ply Graphite/Epoxy Specimens: Thermal Cycling Effects

Ultrasonic measurements were competed on specimens of 32-ply

graphite/epoxy which were thermally cycled. As in the previous work, the

graphite/epoxy specimens were typically 0.175 In (0.445 cm) thick which

restricted the ultrasonic measurements that could be made to a direction

normal to +he ply-layers. This coincides with the UT field inspection

configuration. The imposed thermal treatment ranged from cooling by Immersion

in liquid n~trogen at -320°F (-196'C) to heating in boiling water at 212'F

(100°C). After a number of repeated thermal heating/cooling cycles, the

specimens were permitted to equ!1 !brate to room temperature where the

ultrasonic measurements were made.

The various ultrasonic techniques were applied to measure the phase

velocity and attenuation as a function of frequency with thermal cycle number

as a parameter. The diffraction loss and phase correction curves for

isotropic materials were used as a first order approximation for correcting

the measurements.

(1) Phase velocity - A typical Input signal and the signal propagating through
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a graphite-epoxy specimen are shown in Figures 10(a) and (b), respectively.

The phase velocity curve obtained via Eq. 2 and its diffraction-corrected

curve are shown In Figure 10(c). The difference between the phase velocity

measured initially and that measured after 17 and 67 thermal cycles are shown

In Figures 10(d). It is clear from this, that the frequency-dependent phase

velocity is almost unchanged with this number of thermal cyclings. There was

measured, however, a clear decrease in phase velocity relative to its value

prior to thermal cycling. This effect Is, however, small in comparison with

the measured phase velocity variation among all the specimens prior to any

thermal cycling, which Is three tmes greater!

(2) Attenuation - The ultrasonic measurements were first used to Investigate

the "stop band" phenomenon. The measurements were made with broadband

ultrasonic pulses. As before, the transmission coefficient was computed by

dividing the Fourier amplltude spectra of the signals transmitted through the

specimen by the spectrum of the Input signal The logarithm of the

transmission coefficient for a 32-ply laminate of graphite-epoxy is shown in

Figure 11. The first "stop band" Is expected at about 11 4-iz. The

experimental results shown in Figure 11 exhibit a much higher attenuation at

frequencies near 11 M-z which may be the result of the "stop band" phenomenon.

Based on the measurements on pure epoxy, because of the least transducer

coupling losses, the attenuation measured from the buffer rod method was

expected to yield the best results. It was found that this method is however

difficult to apply to the graphite/epoxy specimens. The source of this

difficulty lies In the rough specimen surface which results In excess

scattering ot the sound wave at the glass-specimen interface. For this
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Figure 10. Signals of 32-ply graphite/epoxy specimens for phase
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Figure 10. (b) delayed signal through the specimen,
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Figure 10. (d) the difference of phase velocity measured before and
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reason, the buffer rod method was abandoned.

From measurements with narrow-band r.f. burst signals, it was found that

the echos were distorted by superimposed, low frequency signals. This made

the measurement of the time domain amplitudes of the echos Inaccurate and

Irreproduci bl e.

In the following, the results of the measurements obtained using the

broadband pulse and continuous-wave techniques will be summarized. The

one-transducer (1/4 inch diameter) echos and their Fourier amplitude spectra

are shown in Figures 12(a)-(c). The shallow, tightly spaced resonances

appearing on the amplitude spectra curves correspond to the thickness

resonances ot the specimen. The attenuation measured before and after the

thermal cyc!Ings is graphed with their standard deviation curves In

Figures 12(d)-(f). A typical attenuation curve and Its diffraction-corrected

curve are shown in Figure 12(g). The diffraction-corrected attenuation curves

measured before and after thermal cyclings are plotted together for comparison

In Figure 12(h). A similar series of the attenuation curves measured with the

through-transmission technique and the continuous-wave method, using the same

transducer as above, are shown in Figures 13(a)-(g) and 14(a)-(g). The

Hilbert transform technique was also Implemented to calculate the attenuation.

The attenuation with and without diffraction-correction prior to thermal

cycling is shown in Figure 15(a). The higher attenuation curve is obtained

from the diffraction-corrected dispersion curve. The diffraction-corrected,

Hllbert-transformed attenuation curves before and after thermal cyclings are

plotted In Figure 15(b). The effect of thermal cycling temperature limits Is

undetermined in these tests and requires additional work.
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Figure 12 *1-transducer (1/4 Inch diamieter) signals of 32-ply graphite
/epoxy specimen for attenuation measuranent: (a) echo 1 ,
(b) echo 2.
(c) Fourier aimplltude spectra of echo I and 2,
(d) attenuation and att. ± S.D..
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(g) attenuation and Its diffraction corrected curve,
(h) overpiottIng of attenuation curves obtained before
and after thermal cyclIrigs.



PAGE 40

SA S

C. - 2.. 5

TIME (..o FREQUENCY IMl c

oesrmn: a co1 (b) eco2

Figure c 13 Fhourie tamisioud (pe/4r inc d e Ianducr sigal

(d) attenuation and att. ±S.D..



PAGE 41

1.1

C2

Z.SI

cc - ATT. ± 5 0

FREQUENCY (MHIe)

SAG)

I. I

2

I..1I.,1.

FREQUENCY (M"VIi

l.a.

SAAI

1- 67 T ,er"aI Cyc:;I

2. I .yrI Cf I 'lII.

Z. 7 Thermal: Cf¢lj nqs

3. No Thermal Cyc i

C

02 471'

.I  . 5.8 .1.S

Figure 13. (e) 17 thermal cyclings attenuation and alt. ±-S.D.,
(f) 67 thermal cyclIngs attenuation and att. ±_S.D..
(y) overplotting of attenuation curves obtained before and
after thermal cylings
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Figure 15. (a) Hil bert transformed attenuation with and without
diffraction correction, (b) overplotting of Hilbert
transformed attenuation with diffraction correction before

and after thermal cycl Ings.
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All the attenuation data prior to thermal cycl Ing the specimen, except

for that determined by the Hilbert transform technique, is plotted together in

Figure 16. These curves show that the differences anong the attenuation data

obtained by the various techniques are of the same order as the change of

attenuation after thermal cycling. Furthermore, the variation of attenuation

measured by the same transducer on the same specimen but at different times

over a perioa of six months, exhibits a similar variation.

After thermal cycling the composite specimens, microcracks could be seen

even at low magnifications on the surfaces of the specimens along the fibers,

across the entire specimen width. A micrograph of such a specimen Is shown in

Figure 17. In one series of measurements, after 17 thermal cyclings, there

were eight microcracks (0.44 cracks/cm 2) on one side of the specimen and ten

(0.56 cracks/cm 2) on the other side. After 67 cycles, the crack number on

each side increased to ten (0.56 cracks/cm 2) and sixteen (0.9 cracks/cm 2),

respectively. The Increment of attenuation might be related to the

microcracks generated not only on the surface of the specimens but also in

their Interior.

These results again demonstrate that in cases where the wavelength of the

ultrasonic waves used to make the Inspection Is more than twice the thickness

dimension of a layer, the Influence of the cracks to both the phase velocity

and attenuation is very small.

4.4 Deformation Effects In Graphite/Epoxy Specimens

The through-transmission technique was used with 0.5 inch (1.27 cm)
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Figure 16. OverplottIng of attenuation curves obtained from different
ways before thermal cyci ings.

Figure 17. Microcrack generated after thermal cyclings.
(Magnification a 665)
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diameter transducers to measure the attenuation. A comparison of the

attenuation was made on the specimen prior to its loading in a uniaxial

tension test to failure. The attenuation curves are shown in Figure 18. As

shown In The test, the attenuation of ultrasonic waves In composite specimen

remains relatively constant with load to near failure. Furthermore, as these

curves show, the frequency-dependence of the attenuation of the unloaded

specimen Is very similar to that of a specimen under 3.0 kips load, that is,

the attenuation shows only a silght Increase with frequency between 1

and 10 W4z. The specimens were notched and typically began to fail in the

notched region at 3.1 kips (22.8 ksi) and after failure, the load dropped to

2.5 kip (18.4 ksi). The long wavelength (two times the thickness of one

layer) makes these measurements Insensitive to the microstructural changes

which are occurring on the ply-layer dimensional scale. This is in agreement

with earlier measurements by Hsu and Tauchert In other composite

specimens [6J.

4.5 Conclusions

Several conclusions can be drawn from the work completed under this

contract. From the analyses of waves through elastic and viscoelastic

laminates, "stop bands" are expected In the dispersion curves and in the

frequency-dependent attenuation curves. The attenuation curves show a marked

increase In the "stop band". Furthermore, the analyses show that for

laminates possessing slight irregularities in their spacing or in cases when

some ot the layers are viscoelastic, the boundaries of the "stop bands" become

smoothed in the frequency domain. The experimental results obtained on

glass/epoxy laminates exhibit the "stop band" phenomenon, but a critical

... . . . . . I I l l. ..6 , . . . . . . . . . . . .
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Figure 18. The attenuation of 32-piy graphite/epoxy specimen measured
during unlaxiaI tension test.
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Investigation of the all the predictions of the theory was not possible

because ot specimen fabrication limitations.

The experimental techniques which were used In this work permit the

accurate determination of the frequency-dependent dispersion relation, phase

and group velocities and attenuation In a broad variety of composite and

viscoelastic materials. A new, and Initial ly very promising attenuation

measurement technique, based on the Kramers-Kronig relations was developed

theoretically and Implemented In an ultrasonic measurement system. However,

the attenuation measurements are only reproducible If they are made at one

specific specimen location with one measurement technique. The measured

dispersion effects In graphite/epoxy specimens in the frequency range between

1 and 10 M-Iz (extending possibly to 30 MWz) are slight. Ultrasonic phase

velocity measurements appear to be insensitive to small changes In the

microstructure of the composite specimens which accompany cyclic thermal

treatments or mechanical loadings. The effects of such treatments only appear

as small changes In the frequency-dependent attenuation. Unfortunately, as

shown by the exhaustive measurements carried out under this project, the

measured attenuation value (at one frequency or as a function of frequency) is

dependent on the measurement technique used to determine It and It exhibits a

variation which is far greater than the attenuation changes resulting from the

mechanical or thermal treatments Imposed on a specimen which result in clearly

identifyable microstructural damage.

Based on our and other Investigators' theoretical work, investigating the

propagation of ultrasonic waves through a medium with a periodic structure,

changes in the dispersion and frequency-dependent ultrasonic characteristics



PAGE 50

of a composite are expected, when microstructural changes are occurring either

In the matrix or fibers, or in the interface between these two components.

The experimental aspect of this work has amply shown that at least in the

frequency range normally used In ultrasonic Inspection techniques, these

microstructural changes do not appreciably affect the ultrasonic properties in

an amount greater than the variation obtained among the various measurement

techniques.
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